Self-assembled monolayers (SAMs) of vinyl-terminated 3-and 8-carbon compounds were generated on Si substrates and reacted at room temperature with B1 ppm gaseous O 3 . A combination of atomic force microscopy (AFM), scanning electron microscopy (SEM), Auger electron spectroscopy (AES) and time-of-flight secondary ion mass spectrometry (TOF-SIMS) was used to study the surface composition and morphology after oxidation. A distribution of large (B0.1-10 mm) organic aggregates was formed, while the surrounding substrate became depleted of carbon compared to the unreacted SAM. This highly unusual result establishes that the mechanism of ozonolysis of alkene SAMs must have a channel that is unique compared to that in the gas phase or in solution, and may involve polymerization induced by the Criegee intermediate (CI). Oxidation at 60% RH led to the formation of a number of smaller aggregates, suggesting water intercepted the CI in competition with aggregate formation. The uptake of water, measured using transmission FTIR, was not increased upon oxidation of these films. In conjunction with literature reports of polymer formation from VOC-NO x photooxidations, these results suggest that formation of aggregates and polymers in the atmosphere is much more widespread than previously thought. The implications for the ozonolysis of alkenes on surfaces, for the transformation of organics in the atmosphere, and for the reactions and stability of unsaturated SAMs, are discussed.
Introduction
Self-assembled monolayers (SAMs) on solids are important for the control of surface properties of materials. They have also been used as model systems, for example for biological membranes 1 and for organics on the surface of airborne dust particles. [2] [3] [4] [5] [6] [7] Conversion of these SAMs to other species has been of interest for a number of reasons, including the stability of SAMs in air, the potential for modification of the surface properties through reactions of the SAM, and in applications such as photolithography. [8] [9] [10] [11] [12] Oxidation of alkane SAMs, often in the presence of UV radiation, has been the subject of many studies (e.g., see ref. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . While the vast majority of the work to date has focused on alkanethiol SAMs on gold, several studies of the ozone oxidation of C8 and C3 terminal-alkene SAMs on silica surfaces have been reported. [2] [3] [4] [5] 7, 22 These reactions are faster than expected based on gas phase chemistry, and the products include HCHO, CO 2 , and CO in the gas phase, 3, 5, 7, 22 and carboxylic acids and perhaps aldehydes on the surface. 3, 7 The reaction of ozone with an alkene-terminated thiol SAM on gold under high vacuum has been reported to generate not only the acid, but subsequently the anhydride, 23 which was attributed to reaction of adjacent carboxylic acid groups with elimination of water. Such products appear to be consistent with the well-known mechanisms of oxidation of alkenes by ozone, 24 which proceed via the initial formation of a primary ozonide, followed by its decomposition to an aldehyde and a Criegee intermediate (CI) which can decompose, rearrange to a carboxylic acid, or react with other species such as aldehydes or water. Recent studies of the oxidation of alkenes such as oleic acid particles and/or coated particles suggest that the CI can also react with carboxylic acids and alkenes to form larger compounds. [25] [26] [27] [28] [29] [30] [31] [32] We report here the first observation of large organic aggregates on the surface generated in the ozone oxidation of terminal alkene SAMs. This surprising result shows that there is a previously unrecognized reaction mechanism for the ozonolysis of alkene SAMs, which has potentially important implications for the control of surface properties via oxidation of SAMs, and for the use of ozone as a cleaning agent for such surfaces.
14 In addition, it is relevant to changes in the chemical and physical properties of organics adsorbed on airborne dust particles, which are distributed globally, 33 and which undergo oxidation during transport.
Experimental
Two different types of substrates were used in these studies. One was p-doped Si(111) wafers (Wacker Siltronic Corp.) and the second consisted of fragments from broken, unused silicon attenuated total reflectance (ATR) elements (Harrick Scientific). For both samples, the substrates were cleaned by boiling sequentially in ethanol and chloroform, and then cleaned in a plasma cleaner on low RF power using Ar for 10 min. The trichlorosilane SAM precursors (7-octenyltrichlorosilane (C8 Acros Organics) to form a solution that was B60 mM, and the substrate suspended in this solution for 30 min. The samples were then boiled in chloroform and wiped with laboratory lens paper to remove extraneous polymerized material that was not covalently bound to the surface. Exposure to ozone was carried out by placing the coated SAM sample in a Teflon reaction chamber through which O 3 , generated using a pen-ray lamp, flowed. The concentration of ozone was determined from the UV absorption at 254 nm and the flow rates of the O 3 /O 2 from the pen-ray lamp and that of the He diluent gas. The relative humidity was below the detection limit of the RH gauge, which was 5%. In the experiments with added water vapor, a stream of He was passed through a bubbler to generate B100% RH and this was diluted with dry gas to obtain 60% RH.
Intermittent contact mode AFM images were obtained in air at ambient pressure and humidity using a ThermoMicroscopes AutoProbe CP Research (ThermoMicroscopes, Sunnyvale, CA; now Veeco, Santa Barbara, CA) scanning probe microscope. The piezoelectric scanner was calibrated using a 1.0 mm grating in the x-and y-directions and in the z-direction using several conventional height standards. The tips were V-shaped silicon (Ultrasharp cantilevers, model no. NSC11, MikroMasch). Topographs were obtained as 256 Â 256 pixels and were flattened line by line and analyzed using AutoProbe image processing software supplied by the manufacturer of the AFM.
Specimens for scanning electron microscopy (SEM) analysis were coated with a thin (B20 nm) layer of gold using a thermal evaporator (Ernest F. Fullam Inc., Latham, NY). The metal thickness was monitored using a Sigma Instruments, Inc. SQM Rate/Thickness Monitor. Metal deposition rate and thickness were measured by the frequency shift of a quartz crystal oscillator over time. SEM images were obtained on goldcoated samples using a Philips FEG-30XL microscope with an accelerating voltage of 10 keV.
The Auger electron spectroscopy (AES)/scanning Auger microprobe was a Physical Electronics Model 680 Auger Nanoprobe based upon a Schottky field emission electron source and a cylindrical mirror analyzer with a multichannel detector. The PHI 680 is equipped with a secondary electron detector to obtain secondary electron images of the uncoated samples during analysis. This instrument provides information about elemental composition of the outer surface (B50-100 Å ) of samples at very high magnifications. A 10 nA, 10 kV beam with a size of 26 nm was used to collect Auger electron spectroscopy data. The base system pressure was B2 Â 10
À9
Torr. Low resolution survey spectra were taken to identify the elements present in the sample. Multiplex spectra of the identified elements were used in most of the sample quantifications. For quantification, the raw data underwent a nine-point Savitsky-Golay smoothing algorithm followed by a five-point differentiation before applying the pure element sensitivity factors.
TOF-SIMS analysis was carried out using a TRIFT II instrument with a 69 Ga 1 primary beam in both a high mass resolution mode (15 kV, o1 ns pulse width, 600 pA, m/Dm B 5000), and a high spatial resolution mode (25 kV, B10 ns pulse width, 60 pA, m/Dm B 1000). All spectra were taken without charge compensation in the static limit (o10 13 ions cm
À2
). The summed spectra for an entire image were analyzed to determine contaminant and majority species, and the hyperspectral images were subjected to a principal component analysis (PCA). Prior to the PCA, each mass spectrum in an image was binned to 1 amu, autoscaled and truncated to 200 amu. 34 Results and discussion The organic-coated sample in (b) shows a relatively smooth surface as expected for a SAM on Si. However, after oxidation with O 3 , large, irregular particles are observed. The particle sizes, shapes and distribution on the substrate are quite heterogeneous, with the dimensions varying from tens of nanometres to the upper limit of the AFM of several micrometres. Similar observations were made for Si coated with a C3 ¼ SAM. As a check, long-chain C8 and C12 saturated SAMs were generated on a silicon substrate and exposed to O 3 under similar conditions. AFM, ATR-FTIR and TOF-SIMS studies showed no evidence for reaction of these saturated SAMs on exposure to O 3 .
SEM was applied to unreacted and ozone-oxidized samples of the C8 ¼ SAM that had been gold-coated to preserve their morphology in order to search for larger features that could not be probed using AFM. The unoxidized sample showed no significant morphological features, consistent with the AFM results. However, the oxidized sample showed not only micrometre-sized aggregates, but also features as large as B10 mm (Fig. 2) , which appeared very irregular and porous in nature. SEM and AFM are optimized for different length scales so that the smallest features seen by AFM are not observable in these images. The wide distribution of particle sizes, shapes and number density may be due to reaction being initiated at defects and/or steps and edges in the SAM. 9 Scanning Auger microprobe analysis was used to probe the elemental composition of particles such as that in Fig. 3a from the reaction of the C3 ¼ SAM with O 3 . Fig. 3b shows the elemental composition along the line in the SEM of Fig. 3a . As expected if the features are organic, the C and O signals increase across the balls and the Si decreases due to shielding of the substrate. Quantification is complicated by beam damage during analysis, by contributions from adventitious carbon and by the possibility of increased oxygen on the substrate after the exposure to ozone. With those caveats, analysis on and off a number of particles obtained by extrapolating back to a beam dose of zero showed that reaction decreased the C/Si ratio on areas surrounding the particles to 0.6 AE 0.1 of that for the unreacted SAM in the case of C3 ¼ , and to 0.8 AE 0.1 for C8
¼ . This is supported by preliminary TOF-SIMS data subjected to principal component analysis which show that the substrate after oxidation of C8 ¼ consists largely of Si and Si-containing clusters (SiOH, SiO 2 H etc.), indicating that much (but not necessarily all) of the SAM has been removed. As expected based on Fig. 3a , on the particles themselves the C/Si ratio increased by a factor of 1.
¼ , compared to the unreacted SAM.
All of these data taken together show that ozone oxidation of the vinyl-terminated SAMs leads to agglomeration of organic in the original SAM into the large features observed by AFM, SEM, and AES. While this observation is very surprising, particularly for a system where only a monolayer of material is available, a simple calculation shows that there is sufficient reactant available to form these features. There is such a wide variation in particle sizes, shapes and number densities from one region of the sample to another that an accurate estimate of the total volume of particles formed on the sample is precluded. In addition, while the images show that the particles are porous, their density is not known. However, take the extreme case of the largest (B10 mm) particles, which are typically found after scanning half a dozen areas approximately 200 mm Â 200 mm in size. In such an area, the total number of SAM molecules is 7.4 Â 10 11 based on a SAM surface density 7 of 3.1 Â 10 14 SAM cm À2 , and these have a mass of 1.4 Â 10 À10 g based on the CH 2 QCH(CH 2 ) 6 portion of the SAM. The AFM studies of the smaller particles indicate the height of the particles is typically B20% of their width and length. A particle of dimensions 10 mm Â 10 mm Â 2 mm has a volume of 2 Â 10 À10 cm 3 . A particle of this size that incorporated all of the SAM from the 6 Â 200 mm Â 200 mm area would therefore have a density of 0.7 g cm
À3
. This is a reasonable upper limit, given the porous nature of the particles (Fig. 2) and that there is likely residual carbon from the SAM remaining on the substrate.
It is likely that these large features are organic polymers, although attempts at mass spectral analysis of the particles directly on the substrate or after removal by sonication have not been successful to date. Nucleation and growth of small organic oxidation products into aggregates cannot be ruled out, although it would be surprising that such a mechanism would lead to the irregular, seemingly porous material (Fig. 2) rather than a more spherical ''droplet'' on the surface. In any event, these data clearly establish that a previously unrecognized mechanism contributes significantly to the oxidation of alkene SAMs on silica surfaces.
Ozone-alkene reactions are known to occur in the gas phase and in solution by the initial formation of a primary ozonide that decomposes to an aldehyde or ketone and a Criegee intermediate (Fig. 4) . There are a number of well-known reaction paths for the CI, including reaction with an aldehyde to generate a secondary ozonide or decomposition to generate OH free radicals 24 which could initiate polymerization. In previous studies, 7 adding ethane to the gas phase as an OH trap had no impact on the formation of surface products; however, if OH were formed inside the SAM, it might not escape to the gas phase. Other possibilities include the reaction of the CI with adjacent unreacted alkenes or with carboxylic acids formed in the initial reaction, both which have been proposed based on product yields in the reaction of ozone with oleic acid particles. [25] [26] [27] [28] [29] [30] [31] [32] Ziemann and coworkers have shown that hydroperoxides react with aldehydes to form peroxyhemiacetals which can react further with carboxylic acids to form larger peroxides. [28] [29] [30] 32 If hydroperoxides were key intermediates in the SAM oxidation, the addition of water should increase their formation and hence that of the aggregates. As seen in Fig. 1d , the presence of water has the opposite effect. This is consistent with a competition between reactions of the CI that lead to polymer formation, and that with water vapor.
In previous studies in this laboratory, 7 the kinetics showed Langmuir-Hinshelwood behaviour, with an experimentally derived residence time for adsorbed ozone of about 7 s, much greater than B15 ps calculated for van der Waals interactions of ozone with a SAM surface. The present results suggest that the discrepancy may be due to ozone adsorbing to the silica substrate, which is initially available as small holes in the SAM (Fig. 1b) and which becomes increasing exposed as the organic is swept up into the large features on the surface. Alternatively, or perhaps in addition, ozone may dissolve in the aggregates themselves so that they act as a reservoir for ozone on the surface. Ozone is more soluble in organics than in water; for example, the Henry's law constant 35, 36 for ozone in oleic acid is B0.1 M atm
À1
, about an order of magnitude larger than the value for dissolution in water. 24 Airborne particles have well-documented effects on human health, visibility and the chemistry and radiative properties of the atmosphere. 24, 37, 38 Dust storms provide large, episodic sources of particles that can be distributed globally. 33, 39, 40 Mineral dust, of which silica is commonly a major component, 5, 24 adsorbs organic compounds which are oxidized during transport. 41, 42 Oxidation is thought to convert hydrophobic coatings into polar, hydrophilic coatings that will adsorb increased amounts of water (e.g., see refs. 2, 43 and 44) influencing the chemical and radiative properties of the particles. However, the present studies show that as oxidation proceeds, the underlying substrate is increasingly exposed. This suggests that the model of conversion of fully coated organic hydrophobic particles into a uniform, hydrophilic coating that takes up increased amounts of water may not, indeed, be the case. Fig. 5 shows the amount of surface-adsorbed water at equilibrium at various relative humidities (RH) measured using methods described elsewhere 45 for an unreacted C8 ¼ SAM, an ozone-oxidized C8 ¼ SAM and, for comparison, an unreacted saturated C18 SAM, all on quartz substrates. The water adsorbed on the less-ordered, unreacted C8
¼ SAM (which is within experimental error of that on a clean quartz substrate) is larger than on the well-ordered, relatively defect-free C18 SAM. This is consistent with defects and imperfections on the C8
¼ SAM through which water can penetrate to the substrate. [46] [47] [48] However, there is no difference in water uptake before and after the oxidation of the C8 ¼ SAM. The C3 ¼ SAM showed similar behavior. Donaldson and coworkers 49 reported increased water uptake upon oxidation of oleic acid on quartz, and based on infrared spectroscopic measurements, proposed that polymerization had occurred. However, their films were prepared by spreading oleic acid on the surface using a cotton swab and were therefore more likely similar to the bulk material rather than a monolayer as was the case in the present studies. In addition, very high (hundreds of ppm) concentrations of ozone were used, and it has been shown for oleic acid particles 50 that water uptake increases with ozone exposure. For SAM monolayers and lower concentrations of ozone, oxidation of the SAM clearly does not lead to enhanced water uptake, which may be due to control of water uptake by the substrate for both the reactant and for the oxidized sample.
Ozone, a toxic air pollutant for which air quality standards are set, is found in the atmosphere globally at B30-40 ppb in remote regions, and higher levels in polluted areas. 24 It is also generated by some indoor ''air purifiers''. 51 The results presented here suggest that alkene SAMs may not have long-term stability in ambient air that contains even ''background'' amounts of ozone and that the formation of these large organic aggregates may occur more generally when alkenes are present on a surface, e.g., from materials or household cleaning products. In addition, this oxidation leads to surface segregation of the organic material, which will change the interactions of the particle with biological systems, e.g., the surface of the lung upon inhalation, in ways that remain to be explored.
In studies of the atmospheric oxidation of organic compounds, less than 50% of the condensed phase products in particles have typically been identified. 24, 52 Recent laboratory studies [53] [54] [55] [56] [57] [58] [59] indicate that the missing material is at least in part polymeric. Whether the reactions leading to the polymers require acid-catalysis is not clear. However, the present studies show that the formation of organic aggregates and/or polymeric material in airborne particles may be a quite general phenomenon that is not restricted to reactions of secondary organics in the liquid phase, nor to acid-catalyzed chemistry.
Finally, ozone, often in combination with UV radiation, is frequently used for ''cleaning'' organics from surfaces. It has been reported 14 that this treatment leaves some residual carbon on the surface. It may be that this residual carbon is aggregated organic material similar to that observed in these studies. Once the double bond has been reacted, such material would be relatively impervious to treatment by ozone alone. These large features would also be far less reactive towards species such as O( Water uptake as a function of RH at 295 K measured using FTIR as described in detail elsewhere (32 Studies are underway to identify the composition of the particles and to investigate their dependence on the structure of the parent SAM, reaction time and concentrations of ozone and water vapor. This will elucidate the detailed mechanism of the ozonolysis of alkene SAMs, which is needed for controlling their surface properties and for understanding the oxidation of unsaturated organics on surfaces, including SAMs, under a variety of conditions in air.
